Conclusion:
Volume of CO 2 elimination may be a surrogate marker of pulmonary blood flow in single-ventricle patients and patients with biventricular physiology with intracardiac shunting. Also, among patients with normal cardiac anatomy, volume of CO 2 elimination may be a marker of cardiac output.
K E Y W O R D S
capnography, cardiac output, congenital heart disease, pulmonary blood flow, volume of CO 2 elimination 1 | BACKGROUND Cardiorespiratory monitoring is essential in the care of critically ill patients. [1] [2] [3] In the current era, assessment of hemodynamic status in the pediatric cardiac intensive care unit involves the use of arterial lines, intracardiac lines, and occasionally pulmonary arterial catheters. 4 These invasive lines pose potential risks for infection, intravascular thrombosis, and blood vessel perforation. In an attempt to minimize the risk of such complications, there has been growing interest in the use of noninvasive monitoring, such as near infrared spectroscopy (NIRS) and capnography, to assess hemodynamic status. 5 Capnography is used to assess respiratory function in critically ill patients. 6, 7 Endtidal carbon dioxide tension (EtCO 2 ) is the gold standard for determining successful endotracheal intubation 8 and is used to assess adequacy of chest compressions during cardiopulmonary resuscitation. [9] [10] [11] [12] Additionally, capnography has been used to monitor physiologic dead space ventilation and serves as a guide for optimizing gas exchange during mechanical ventilation. [13] [14] [15] While capnography has broad applications in respiratory management in the intensive care unit, its utility in patients with heart disease is still under investigation. 16, 17 As exhalation of CO 2 requires perfusion to the alveoli, capnography may be utilized as an indirect measurement of pulmonary blood flow (Q P ), and in patients with normal cardiac physiology, it may be an indirect assessment of cardiac output (CO 2 ).
Volume of CO 2 elimination (VCO 2 ) is the volume of carbon dioxide eliminated per single breath. It is obtained through analysis of the volumetric capnography and is measured in mL/min. VCO 2 is, therefore, dependent on the patient's CO 2 production, pulmonary blood flow, and minute ventilation. 18 At stable minute ventilation and metabolic state, VCO 2 becomes an indirect indicator of Q P and, by extension, CO in patients with normal cardiac physiology.
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The correlation between VCO 2 , Q P , and CO has not been studied in pediatric patients with single-ventricle physiology or in patients with congenital heart disease lesions other than single ventricle. Understanding such correlations may enhance postoperative monitoring and management of critically ill cardiac patients.
| MATERIALS AND METHODS
The Institutional Review Board at Duke University Hospital and Health System approved this prospective study of infants and children with cardiac disease undergoing cardiac catheterization under general anesthesia and were intubated as part of routine clinical care. Patients were enrolled between December 2013 and November 2014. Patients less than 18 years from whom assent, when applicable, and parental informed consents were obtained were included. Patients with multiple sources of pulmonary blood flow, including patients with significant collateral blood flow, were excluded due to potential inaccuracy in the assessment of Q P .
Patients with passive pulmonary blood flow (bidirectional Glenn or Fontan physiology) were also excluded due to potential inaccuracies in the assessment pulmonary blood flow resulting from variable contributions from systemic to pulmonary collateral flow. 20 Finally, patients on extracorporeal membrane oxygenation (ECMO) at the time of cardiac catheterization, and patients with non-English-speaking parent/guardian were also excluded. 21 Patients were also connected to standard anesthesia monitoring devices, and cardiac catheterization was then initiated as per routine. All data were collected in real time.
What is already known

| Data collection
Ventilator settings required for the establishment of stable minute ventilation were recorded. In addition, capnography data from NM3 monitor, including VCO 2 , EtCO 2, tidal volume (Vt), and respiratory rate were recorded every 5 minutes during the entire procedure and at each rest state of hemodynamic assessment. Cardiac catheterization data, including oxygen saturations and pressures in the superior vena cava (SVC), pulmonary artery (PA), and cardiac chambers, were recorded. In patients with single ventricle physiology and with intracardiac shunting, Qp and cardiac output were calculated using the Fick principle. Mixed venous saturation was obtained from the SVC. PA and systemic saturation were assumed to be equal and obtained from the descending aorta. Finally, pulmonary vein saturation was taken from the pulmonary veins. In patients without intracardiac shunting, cardiac index was measured using thermodilution except in cases where there was significant tricuspid or pulmonary valvular regurgitation at which time Fick principle was used (total 2 patients). Mixed venous saturation was obtained directly from the PA, and in situations where the descending aorta saturation was greater than or equal to 96%, the pulmonary vein saturation was assumed to be equal to the descending aorta saturation. Pressures were measured in mmHg, and cardiac output was measured in liters/minute. Since Qp and CO are equal in patients without intracardiac shunting, only CO was reported in these patients.
| Data analysis
We used standard summary statistics and graphing techniques to explore all study variables. We report medians and ranges for all continuous and counts with percentages for all categorical variables.
We compared distribution of study variables using 
| RESULTS
Fifty-one consecutive patients were screened during the study period. Sixteen were excluded; 2 patients had pulmonary atresia/stenosis with major aortopulmonary collateral vessels, 7 had bidirectional Glenn or Fontan physiology, and 2 were supported with ECMO at the time of catheterization. Four patients were excluded because of inability to provide consent due to language barrier, and 1 elected not to participate. Of the 35 patients enrolled into the study, 18 had structural heart disease with intracardiac shunts: eight of these had single ventricle with stage 1 palliation (Group 1), and 10 had 2 ventricles with atrial and/or ventricular septal defects (Group 2) (Table S1 ). Seventeen had structurally normal hearts with no intracardiac shunt (absence of intracardiac shunting was confirmed during cardiac catheterization), 7 of these had valvar heart disease, and 10 had heart transplantation (Group 3) (Figure 1 ).
Demographics and baseline oxygen saturation for the groups are shown in Table 1 . For Group 1, median age was 0.33 years (0.25-0.66), and median oxygen saturation was 81% (70-86); Group 2 had a median age of 0.50 years (0.08-17), and median oxygen saturation was 98% (88-100). Among Group 3 patients, median age was 7 years (1.5-16), and median oxygen saturation was 99% (94-100).
Hemodynamic data obtained during cardiac catheterization are summarized in Table 2 Figure 3C ).
As one of our subjects in Group 2 had very high VCO 2 and CO, we repeated our analyses excluding that subject, the correlation between VCO 2 and Qp remained significant with R 2 = 0.66 (P = .001). However, with the subject excluded, the correlation between VCO 2 and CO was weak with R 2 = 0.35 (P = .07). 
| DISCUSSION
| CONCLUSION S
This study explores the use of a noninvasive tool for the assessment of hemodynamic status in patients with complex cardiac physiology. 
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